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SUMMiVRV 

Efficiency testa were conducted toing eleven different lubricants in the NASA Lewis Research Cen- 
ter's 500 hp torque regenerative helicopter tranomisslon toot stand. The test tranomlssion was the 
011S8A helicopter main transmioaion. The mochancial power input to the tost transmission was 224RW (300 
hp) ot 6060 rpm. Toots were run ot oil-in toraporaturos of 35S°K (180°F) and 372®K (210°F). The effi- 
ciency was calculated from a heat balance on the water running through an oil-to-watcr heat exchanger 
while the transmission was heavily insulated. 

The following results were obtained, 

1. Among the eleven different lubricants, the efficiency ranged from 98.3 to 98,8 percent, which 

is a 50 percent variation relative to the losses associated with the maximum efficiency measured. 

2. For a given lubricant, the efficiency increased as temperature increased and thus as viscos- 
ity decreased. There were two exceptions which could not bo explained on the basis of available 
data, 

3. Botwoon lubricants, efficiency was not correlated with viscoolty. There were relatively lorgo 
variations in efficiency with the different lubricants whose viscosity generally fell in the 5 
to 7 ccntistolie range. 

A. The lubricants had no significant effect on the vibration signature of the transmission, 


INTRODUCTION 

The mechanical efficiency of helicopter power train components is generally very high. As a rule 
of thumb, there is a loss of 3/A percent for a plonetnry stage, and 1/2 percen- for a single gear mesh. 
More specific estimates may be found in reference 1. An important step in development of the power 
tronsmission poth in holicopCers is to do everything possible to minimize power losses. Minimizing the 
power loss makes it possible to extend the performance envelope for the helicopter. Range, payload, and 
operating ceiling can be increased if efficiency is increased. With lorge, high power helicopter appli- 
cations only a few tenths of one percent mechanical power loss can be the equivalent to the loss of 
hundreds of kilowatts. Compared with total power used this loos moy seem trivial from an energy conser- 
vation viewpoint, but the effect on the operating envelope may be more significant. Since all mechan- 
ical power losses must bo dissipated as heat, improvements in transmission efficiency will permit smaller 
and lighter weight cooling systems. This effect adds to increase the payload capacity of the helicopter. 

The total power loss in a helicopter transmission is a function of many parameters. Sliding fric- 
tion losses in the gears, bearings, and seals contribute a large effect. Sliding losses occur in what- 
ever lubrication regime is present, whether the regime is hydrodynamic, elastohydrodynamic, boundary lu- 
brication, or some mixture of these. Other largo contributors to the losses are windage losses and lu- 
bricant churning losses in the rotating components. To a lesser extent rolling traction losses and ma- 
terial hysteretic losses are also contributors to total power lose. In a high speed transmission it is 
expected that a variety of physical and chemical characteristics of the oil influence the operating ef- 
ficiency, 

Martin (ref 2) presented a comprehensive review and bibliography of power loss calculations for 
friction between gear teeth. Martin (ref 3) concentrates on the problem of calculating the losses in 
the tooth contact. Anderson and Loewenthal (ref A) give a more encompassing method of estimation of 
power losses which extends the calculation to partially loaded gear sots, including bearings. Bearing 
power loss was earlier addressed by Townsend, Allen, and Zarotsky (ref 5). Martin (refs 2 and 3) has 
pointed out that efficiency is important since it directly affects the cooling requirements of the gears. 
Townsend and Akin (refs 6 to 8) have studied gear tooth coolfng and concluded that for best efficiency 
and cooling, the gears should be jet lubricated with radially directed jets on the exit side of the geor 
mesh, 

Murphy, et al (ret 9) have studied the effect of lubricant traction on worm gear efficiency. They 
found that synthetic oils with lowest traction coefficients gave the best efficiency. This is to be ex- 
pected since traction losses are the largest component of total loss in low speed worm gear sets which 
normally do not have much churning and windage losses. 
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In view of the above, the objective of the work proocntcil heroin wao to nioaaviro the oporatiiiB offi“ 
ciency of a helicopter tranomioaion witli eleven different cocjmorcially available lubricanta. A further 
objective wao to oxamino the measured rosulta for corielotion with available physical property data on 
the lubricontfl and thereby determine rnasona for the variability in effieioney Irom one lubricant to an- 
other. 


APPARATUS, SPECIHEHS, AND PROCEDURE 


Trmwmission Teot Statid 

Eieure 1 ohows the NASA 500 HP helicopter transmiasion teat stand, which wao used to tun the effi- 
ciency costa. The toot stand operates on the "four-square" or torque regenerotivo principle, where me- 
chanical power ia recirculated around the closed loop of goara and shafting, pasoing through Clio test 
transrataoion. A 1A9UW (200hp) SCR controlled DC motor Is used to power Che test otand and control the 
speed. Dince the torque and power is recirculated around the loop, only Che losaeu due to friction have 
to bo replenished. 

A llkW (15hp) SCR cont'’ «lled DC motor driving against a magnetic particle clutch is used to sot tlio 
torque in the teat stand, .'le output of the clutch doea not turn contin*;uuBly , but only exerts a torque 
through the speed reducer g^rtrbox and chain drive to the large sprocket on the differential gear unit. 

The large sprocket ia the fi'-t input to the differential. Tlio second input is from the upper ahaft 
which paoBoo concentrically thro'.gh the hollow upper gear shaft in the closing end gearbox. The output 
ahaft from the differential gear unit is the previously mentioned liollow upper gear shaft of the closing 
end gearbox. The torque in Che loop is adjusted by changing the electrical field strength at the magnetic 
particle clutch. The llkW (15hp) motor was set to turn continuously at 70 rpro. 

The input and output shafts to tlie toot transmission arc equipped with speed aensors, torque meters, 
and slip rings. 

Figure 2 is a achematie of the efficiency measurement aystem. The system allowa the holicaptor 
transroisnion to bo operated in a thermally insulated environment with provisions to collect and measure 
the heat generation due to mechanical powci losses in the tranaminsion. In this schematic, the instru- 
mentation used to measure torque and apeed, and hence power input to ttte Cost transmission is not shown. 
The original oil-to-alr heat exchanger which is stondard flight hardware woo replaced with an oil-to- 
watcr heot exchanger so as to allow more precise raoaaurcmonts of tlie heat rejection during an efficiency 
teat c 1 . By uainp the water to remove heat, any uncertainty of the correct value for specific heat of 
the oil was removed. 

Figure 3 shown the teat transmiasion mounted in the test stand. Figure A shows tlio teat stand with 
the insulated housing around Che teot Cranamiosion. Thermocouples were placed ot various locations in- 
side Che insulated housing to vet ify the adequacy of the insulation. 

Tp 8 1 ,1-ubr ic an t s 

Tables 1 to A doaeribe tlie lubricants used, their opociCieatlon, phyoicol properties and generic 
identification. All the lubricants wore tested for physical properties, conCaminents , and wear particles 
prior to and after completion of all tost runs, aa furtlier described herein. Table 5 Hats supplemental 
data related to the lubricants in this study which was gathered from roforonres 10-12. All the lubricants 
wore near to the 5-7 contistoke range in viscosity and were qualified tor use or considered likely candi- 
dates Cor use in helicopter transmissions. Lubricants A and B arc automatic cransmission fluids (ref 
13). 

Tent Transmissio n 

The test transmission was the main rotor transmission from the U.S. Army's light observation heli- 
copter (011-58) os described in reference lA and shown in figure 5. The transmission is rated for 201UW 
(270hp) continuous duty and 236kW (317 horsepower) nr takeoff for 5 minutes. The 100 percent input speed 
is 35A rpm. The input shaft drives a 19 tooth spiral bevel pinion. The pinion meshes with a 71 tooth 
gear. The input pinion shaft is mounted on triplex ball bearings and one roller bearing. The 71 tooth 
bovcl gear is carried on a shaft mounted in duplex ball bearings and one roller bearing. The bevel gear 
shaft drives a floating sun-gear which has 27 teeth. The power is taken out through the planet carrier. 
There are three planet gears of 35 tooth which are mounted on spherical roller bearings. The ring gear 
(99 teeth) is splincd to the top case and therefore is stationary. The ovoroll gear ratio is 17.AAil re- 
duction. 

The planet bearing inner races and rollers are made of AISI M-50 steel. The outer rocos and planet 
gears, which are integral, are made of AISI 9310. The cage material la 202A-TA aluminum. The goor shaft 
duplex bearing material is CVM 52CD. All other bearings are made of AISI 52100 with bronze cages. The 
sun gear and ring gear material is Nitralloy N (AMS6A75). The input spiral bevel gear-act material is 
AISI 9310. Lubrication ia supplied through jeta located in the top cose. 

Test Procedure 

Doforc the start of each efficiency test, the Cransmission and heat exchanger were cleaned out with 
solvent and the trnnsmis ion components were visually inspccced. Ceor tooth aurfaccs were photographed. 
The transmission was then assembled end mounted in the test stand and filled with oil. The rig was run 
briefly to check for oil leaks. Then the loose fill insulation was added, filling the plexiglass box to 
completely surround and thermally insulate the test apparatus and transmiasion. 

Efficiency test runs were made with the oil inlet temperature controlled to within loss than one de- 
gree kelvin. Tests wore run at oil inlet temperatures of approximately 355‘’K (I80°F) and 372“K (210°F). 
The torque on the input shaft was 352 N-m (3118 lb-in) for each run. The input speed was 6060 r>ra. This 
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corroopondo 'o the full power condition on the teat tranaraiooion. The oil inlet and oil outlet torapera- 
turoa wore tnenitored until equilibrium conditiona wore ootabliahcd, which generally took about 20-30 
minuteo. Thtn the efficiency test run woo otarted. Water was collected in the weighing tank and data 
wao recorded for total water weight, inlet and outlet tcmpcraturca for the water and oil, and flow rate 
for the water ond oil. Vibration opoctruro recordo wore made for oovon acccleroaotnro mounted on the 
teat tranamiooion. Data logging records were taken once each minute for a total toot time of approximately 
30 minut«o for each test temporature. 

After the tooto wore completed the tranoroiooion wao dioaaacmblod, cleaned and vioually inopoctod 
for changoo in the gear and bearing ourfaceo. Photographic records were made. Tlic lubricant was aaved 
for later analyoio. The efficiency woo later calculated from the bent balance on the water that flowed 
through the heat exchanger. 


RESULTS AND DISCUSSION 

The experimentally determined officioncico are listed in table 6 and plotted againat oil inlet tem- 
perature in figure 6. The range of efficiencies varied from 98.3 to 98.8 percent. This is on overall 
variation in losses of almost 50 percent, relative to the losses associated with the maximum ofUcloncy 
measured. 

In general, the higher tost temperature for a given lubricant yielded a higher efficiency. The ex- 
ceptions were with lubricants E and C, which wore different typos of synthetic lubricant. Lubricant C, 
being more viscous than the other lubricants could not bo tooted at the targeted oil inlet temporature. 

This wao bocouso the heat generated could not bo removed with the existing water/oil heat exchanger. 

The test teraporaturo floated up to 378. 5®K with the heat exchanger at full water flow capacity. At the 
higher temperature the efficiency for oil G wao conoiocont with the cffieioncioo lower viscosity oils. 

The two automatic transmission fluids (A and D) and the Type I Synthetic Goar Lubricant (E) yielded 
significantly lower efficiencies as a group. 

In figure 7 the cffieioncioo are plotted against the lubricant viscosity nt the inlet temperature. 

This was done to determine if the efficiency is strongly dependent on the viscosity. By the plotted re- 
sults, it is clear that viscosity variation in not the primary reason for the varying efficiencies be- 
tween the different lubricants. But there is a general trend to higher efficiency for lower viscosity 
for all the lubricants o'. -apt C and E. The slope of the aforementioned trend is identical for a largo 
number of the lubricants. 

The reason for the lower efficiency for lubricants A, B, and E is suspected to bo related to higher 
traction coefficient characteristics, which would come into effect in the claatohydrodynsmic regime of 
lubrication between the gear teeth, It is interesting to note that while the Mil-L-7808 lubricant was 
the lowest viscosity oil, the efficiency was no better than the Mil-L-23699 lubricants. This may also 
bo related to an END tractlonal or frictional phenomenon. The reason for the reverse trends with viscosity 
for lubricants E and C is unknown at thin time. 

The vibration spectra wore monitored during the tests with the various lubricants. The variations 
in amplitude wore insignificant from one oil to the next. Figure 8 is on typical vibration spectrum 
measured by placing an accelerometer on the transraioaion cose at the split line between the top and bot- 
tom cases. 

Tables 7-10 give the comporiaon between tlic lubricant onalyson performed before and after the effi- 
ciency tost runs. It is noticed that lubricants A and C showed significant increases in the iron con- 
tent (table 7). Also, lubricant E showed a strong acid value before and after the test runs (table 8). 
Those three lubricants were among the ones giving deviant performances for efficiency. 

The visual inspection of the tranoroission components after each test run showed no indications of 
wear or degradation. In fact, the black oxide coating which was placed on the gear surfaces during 
manufacturing was hardly worn off. 


SUMMARY AND RESULTS 

Efficiency tests were conducted using eleven different lubricants in the NASA Lewis Research Center's 
500 hp torque regenerative helicopter transmission test stand. The test transmission was Che 01I58A 
helicopter main transmission. The mechanical power input to the tost transmission was 22akW (300hp) at 
6060 rpm, Tosca were run at oil-ir, temperatures of 355°K (180°F) and 372°K (210°F). The efficiency was 
calculated fro,., a heat balance on the water running through an oil-co-water heat exchanger while die 
transmission wao heavily insulatcj. 

The following rooulCs were obtained. 

1. Among the eleven different lubricants, the efficiency ranged from 98.3 to 98.8 percent, which 
is a 50 poreonC variation relative to the looses associated with the maximum efficiency mea- 
sured, 

2. For a given lubricant, the efficiency incroa d as temperature increased and thus as viscosity 
decreased. There wore two exceptions which could not bj explained on the basis of available 
dato, 

3. Between lubricants, efficiency was not correlated with viscosity. There wore relatively large 
variations in efficiency with the different lubricants whoso viscosity generally fell in tlic 

5 to 7 centistokc range. 

A. The lubricants had no significant effect on the vibration signoturo of the transmission. 
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Table I 

Toot lubricant typeti 


< 

eODK NO. 

SPECIFICATION 

TVI’E 

A 

DBXUON II CM 61 17-11 

Automatic Tnmsnutiaton Pl'nd 

Q 

DEXllON II GM 6117-M 

Automatic Transmission Fluid 

C 

MIL- 1,-2 369 9 

Turbine Engine Oil 

D 

MIL-L-23699 

Type II Synthetic Gas Turbine Engine Oil 

K 

V 


Type I Synthetic Goar Lubricant 

^ 

Synthetic Paraffinic with Antiucar Additives 

G 

MIL-L-210'iC 

MIL-l.-A6n2 

Synthetic Fleet Engine Oil 

II 

MU.-L-7808 

Turbine Engine Oil 

I 

MIL-L-23699 

Type II Turbine Engine Oil 

J 

MIL-L-23699 

Type 11 Turbine Engine Oil 

K 


Turbine Engine Oil 


Table 2 

Specific Ornvity Data Accordinc to ANSI/ASTM Specification D-1A81, 
API Gravity According to ANSI/ASTM ''Spec if lent ion D-1298 


LUiRICANT ■ 

SPECIFIC' cWlTYinrsfib” TEMP 

■ a"pT 

GRAVITY 

2880k 

3130k 

355«K 

373«K 

A 

.8020 

.8558 

.8516 

29.8 

D 

.8626 

.8568 

.8566 

29.9 

G 

.9973 

.9862 

.9863 

8.2 

D 

.9868 

.9768 

.9766 

9.7 

E 

.9322 

.9211 

,9201 

17.7 

F 

.8262 

.BIOS 

.8088 

36.0 

G 

.8629 

.8536 

.8527 

29.6 

II 

.9662 

.9320 

.9313 

15.7 

I 

.9659 

.9568 

.9566 

12.8 

J 

.9856 

.9759 

.9767 

10. 1 

K 

.9829 

.9721 

.9725 

10.3 


*ANSI/ASTM, American National Standards I'.scicuto/Ameriean 
Society for Testing and Materials 
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Tablo 3 

Kincmiuii' viocooicy data accoiding Co 
ANSIMDTM Spociricaei. n 






hUDRlCAMT 

VIBCOSITV 0 U8TED TKMI'.CSt 


313»K 

355«K 

373«K 

A 

37. A8 

10. AS 

7.01 

» 

33.15 

9.6A 

6.52 

C 

3b. AO 

7.69 

5.12 

D 

26.17 

7.50 

5.00 

E 

33.91 

8.91 

5.87 

E 

2D. 01 

8.15 

5.36 

G 

56.65 

15.05 

9.83 

II 

13.16 

A. 73 

3.38 

I 

2A.19 

7.18 

A. 85 

J 

2A.76 

7.23 

A. 89 

K 

26.39 

7.61 

5.09 



^ ,, 
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Tabic t) 

Spcctiic licac data according to 
ANSI/ASTH Spocificncion D-39A7-80 


“ "“I 

UmUlCANT 


SPECIFIC 

HEAT 0 LISTED TEMPERATURE 


313«K 

373»K 



Cp 

0 

Cp 

0 

Cp 

P 

A 

D 

C 

.A2 

.091 

.A2 

. 12 

.AA 

.lA 

.33 

.097 

.32 

.097 

.32 

.091 

D 

.33 

.071 

.3A 

.072 

.3A 

.08A* 

E 

.68 

.11 

.73 

.13 

.76 

.20 

F 

.53 

.12 

.5A 

.13 

.5A 

.lA 

G 

.50 

.091 

.A7 

.058 

,A2 

.059 

II 

.37 

.0j6 

.30 

.037 

.31 

.09A 

I 

.53 

.060 

• A7 

.039 

.AA 

.075* 

J 

- 

*- 

- 


•» 


K 

.AA 

.073 

.38 

• 076 

.3A 

.075 


»Kor calculation of Cp and o (iitd. deviation) one value, inordinately 
different from tlic otlicru, wao diocarded. Tliuo, four valuco rather 
chan five were uaed to docormino thooc data. 
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Table 5 

l’reaouro°vibcoBity coofficicnte (or coat lubrictmto 
oxpiossed «B reciprocal aoyratotic iooviaccue proDBuroa 


1 UURICANT 

nECiPRocAi, ADYirronc igovigcous rtiEocuius, 

SOUIiCE 


ao, (1 l.IGTRD TEHI’EllATimB 

OE 





DATA 


3110K 

3720k 

4220k 


A 

1 J5xI0'8 

•951x10“8 

.772x10*'* 

rc( 11 

B 

a 

a 

a 


C 

- 

l.OlxlO’8 

.832x10*8 

rof 10 

D 

b 

b 

b 


F 

l.90xl0“« 

l.SOxlO’O 

i.r>tio*8 

icf 12^ 

c 

l.A2xlO“P 

l.O2xlO"0 

.918x10*8 

rof 11 

II 

- 

.094x10"^* 

.731x10*8 

rof 10 

I 

b 

b 

b 


J 

b 

b 

b 


K 

, . 

1.2BkIO-8 

■907x10“8 

.8^1x10*8 

rof 12 


®nioot likely t’lO naino ao A oince they are Birailav lubricants 
I’moDt likely tlie oaroe ao C or K oince tbey are similar lubricaiuo 
‘^cutiraatc baotil on ref 12 
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Table 6 

Meaoured cfficicncico 


UIBRICANT 

EFEICIENCY 

INLET TEMP, “k 



A 

.9840 

301.5 


.9850 

375.0 

8 

.0833 

350.8 


.9843 

375.0 

C 

,9870 

350.4 


.9873 

371.5 

D 

. 9800 

350.1 


.9874 

370.1 

E 

.9835 

301.0 


.9832 

371.5 

F 

.9805 

355.7 


.9877 

372.0 

G 

,9873 

378.7 

11 

.9870 

355.0 


.9879 

372.1 

I 

.9804 

355.6 


.9882 

372.2 

J 

.9804 

355.6 


.9877 

372.3 

K 

.9809 

355.6 


.9882 

372.3 


i 
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Table 7 

Total Iron analyslo by 
caloritnotrle method (ref 15) 


lUDRICANT 


lUOH CONTENT (ppm) | 

DEFORE TEST 

AFTER TEST 

1 

A 

< 1 

< 1 

1 

6 

< 1 

1 

< 1 

1 

< 1 

2 

2 

3 

< 1 

1 

< 1 

< 1 

< 1 

< 

< 1 

< 1 


Table 8 

ricant acid analysis acrordlnn to 
ANSI/ASTM Specification D-66/r 


LUDRICANT 

TOTAL ACID NUMBER 
Mg KOII/g 


DEFORE TEST 

AFTER TEST 

A 

.5A 

.54 

D 

- 

- 

C 

.01 

,02 

D 

.07 

.07 

E 

15. 8>' 

15.71 

F 

.62 

.51 

G 

3.2 

3.5 

II 

1 

J 

.34 

.34 

,34 

.38 

K 

1 

.48 

.. 

,43 


« Strong aetd value “ 7.1 on aaroplo 
t 6.2 acid value 
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Table 9 

Parclculacc concanination count accordinc to 
CAE Acroopace Rocomended Practice ARP 390A 
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Table 10 

Meat raotalo toot rooul'o uolng x»roy floorooccncc fillor tsocliod (ref 16 ) 


LUDUICAllT 






RI.EKENT5 (PPM) 






DBFOUE 

AFIEn 


Al 


.. F «'; _ 

„ Ni _ 

,Cu_ 

Pb 

?. n < ) ) 

plZ ) 

a ( 2 ) 

Ca<2) 

Da^2) 

DETECTION (PPM) 

A 

0.60 


2.67 

o 



0.21 

«» 

O.IB 

6.71 


0.23 

0.11 



5.91 

1.12 

O.Sl 

O.IU 

0.16 

*• 

0.11 

0.17 

1.12 

“ 

0.12 

0.09 

n 

- 


r 

“ 

i. 

» 

»• 

- 


" 

- 

" 


- 

- 

c 

0.20 


r — 
0.73 

0.13 





0 a 




0.09 


• 

2.97 

1.06 

2.19 

0.21 

0 12 

•* 

0.15 

0.19 

0.20 


• 

0.09 

D 

0.27 






tm 


0.16 


H 

0.11 


“ 

12.7 

■mg 

1.16 

0.26 

0.19 

0.20 

0.20 

0.71 



HI 

0.15 

E 

0.16 


7.57 

0.10 




7.27 

2.15 

13.01 

0.39 

10.16 



0.12 

1.69 1 1.61 

0.26 


0.11 

" 

3.71 


6.29 

• 

2.63 




F 



0.65 





m 


7.08 



0.10 


5.30 

•• 

2.69 



•• 



2.62 

51.0 

• 


0.55 

G 

\ - 

1.31 

•w 

6.91 

•• 




1.51 

0.70 

5.29 

8.69 

— 

> 

0.63 



0.67 

1.69 

< 1.22 


- 

- 

0.39 

*» 


2.53 


0.13 

. i 









i 




... 


* ■ 





_._ r « 



*r . 




11 


- 

3.81 




0.16 


0.67 

0.21 



0.10 


0.67 

A . 68 



•• 

0.26 

• 

0.62 

2.37 

3.20 

3.67 

0 

0.25 

I 



m 


a , 


0.11 


- 


*• 

0.10 

1 

■mg 

1.18 

■ 


• 


0.12 


0.66 




0.11 

J 

- 

- 

- 

- 

- 

- 

- 

- 

- 

! 

- 

- 


K 

0.00 

* 

9.80 

0.28 

o 




2 . 5 ! 

{ 



0.26 



1.26 

0.39 

7.30 

0.56 



0.65 

• 

1.86 




0.37 


( 1 ) Zh could bo duo to wear when preoent with copper, or ao an addTtivo when prcoont alone. 

(2) P, S, Ca, Da probably present oo additives. 

( 3 ) hirait of deceetion for oomplo, when - shown, element is loos than this value. 
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Figure 1. - NASA 500 hp helicopter transmission test stand. 
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Figure 2. - Schematic of measurement system 



Figure 3. - Vian( o^ test stand shewing OH-58 transmission installed. 



Figure 4. - View of test star>d shearing insulated transmisyon 
housing. 
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Figure 5. - Cross section of OH-58 heiicopter transmission. 





OIL iNLET TEMPERATURE, °K 

Figure 6. - Experimental efficiency correlatec. with inlet oil temperature. 
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Figure 7. - Experimental efficiency correlated with lubricant viscosity. 



Figure 8, - Typical vibration spectrum. 
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